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Introduction {#s0001}
============

Stromal cells such as fibroblasts are traditionally viewed as constituents of connective tissues, passively providing structural and homeostatic support. Fibroblasts are mainly involved in the synthesis of extracellular matrix (ECM) and in the definition of the structure of tissue environment. Furthermore, it becomes evident that fibroblasts may also shape innate and adaptive immune responses involved in host defense, tumor immunity, and autoimmunity.[@cit0001] Fibroblasts isolated from different anatomic sites have distinct transcriptional patterns and exhibit different functional properties[@cit0004] such as migrating ability, ECM production and degradation, and contractility. More recently, their active role in the control of inflammatory response has been reported.[@cit0001]

The immunosuppressive effects of mesenchymal stem cells (MSCs) is a fundamental property.[@cit0001] shared by adult dermal fibroblasts[@cit0005] and mature mesenchymal stromal cells.[@cit0006] Within an immune reaction, stromal cells modulate immune cell behavior by conditioning the local cellular and cytokine milieu. Fibroblasts control the accumulation, retention, survival, activation, and differentiation of immune cells in a site-dependent manner at sites of inflammation. This control is achieved through cellular cross-talk with immune cells and through their production of cytokines (IL-1, TGFβ, IL-6, and IL-8), chemokines (CCL2 or MCP-1, CXCL1 or Groα, and CXCL10 or IP-10), enzymes (indoleamine 2,3-dioxygenase, prostaglandin-endoperoxide synthase 2), prostaglandin E2, and adhesion molecules.[@cit0008] Fibroblasts derived from sites of chronic inflammation such as inflamed synovial joints in rheumatoid arthritis patients possess an imprinted phenotype that is stable in long-term culture. Fibroblasts modify the quality and the quantity of the inflammatory infiltrate during the induction of inflammatory response and influence the switch from acute to chronic inflammation.[@cit0009]

At the termination of response, fibroblasts contribute to the resolution of inflammation by withdrawing survival signals and normalizing the chemokine gradients, thereby constraining infiltrating leukocytes to undergo apoptosis or leave the tissue through draining lymphatics.[@cit0009] Most previous studies have reported the effects of fibroblasts on lymphocytes in non-malignant[@cit0005] and malignant tissues[@cit0011] through production of cytokines, chemokines, biologically active factors, and chemical mediators.[@cit0008] Herein, we have focused our interest on the immunomodulatory cross-talk between membrane-associated molecules (*e.g*. Programmed Death Ligand-1, B7-H1/PD-L1, and Programmed Death Ligand-2, B7-DC/PD-L2) expressed on fibroblasts and their receptor PD-1 expressed on T cells. PD-1 expression is induced when T cells become activated,[@cit0012] as well as during T cell differentiation toward effector cells.[@cit0013] PD-1 is expressed on activated T cells including immunosuppressive CD4^+^ T cells (TReg) and exhausted CD8^+^ T cells, but also on B cells, myeloid dendritic cells (MDCs), monocytes, thymocytes, and natural killer (NK) cells. This broad PD-1 expression suggests a wide implication of the PD-1 pathway needed for effective immunity and maintenance of T cell homeostasis.[@cit0014] Within the tumor microenvironment, PD-1 is highly expressed on a large proportion of tumor-infiltrating lymphocytes from many different tumor types and suppresses local effector immune responses. Indeed, blockade of the PD-1 pathway was shown to enhance antitumor immune response.[@cit0015] As the expression of PD-L1/-L2 in the tumor environment represents a major immune escape mechanism, therapy blocking PD-1 has very recently shown unprecedented rates of durable clinical response in a variety of cancer types.[@cit0016] Of relevance, high levels of PD-L1 expression in the tumor microenvironment appear predictive of a better clinical response to therapies targeting the PD-1/PD-L1 pathway.[@cit0017] In addition to its expression on tumor cells, PD-L1 is also expressed on B cells, DCs, macrophages and T cells, and is upregulated after their activation. PD-L1 is also detected on several non-hematopoietic cell types including lymphatic and micro-vascular endothelial cells,[@cit0023] pancreatic islet cells,[@cit0025] and keratinocytes in particular upon cytokine exposure.[@cit0026] The expression of PD-L2 was initially thought to be restricted to antigen-presenting cells (APCs) such as macrophages and DCs.[@cit0027] However, PD-L2 expression can be induced on a wide variety of other immune cells and non-immune cells depending on environmental stimuli.[@cit0012] As PD-L2 is generally expressed at lower level, PD-L1 is still considered the more dominant negative inhibitory molecule.[@cit0028] although relative PD-L1/PD-1 affinity is lower than PD-L2/PD-1.[@cit0029] MSCs, normal fibroblasts, human colonic fibroblasts in gut mucosa, and also non-small-cell lung tumor-associated fibroblasts constitutively express PD-L1 and PD-L2.[@cit0011] Although PD-1 ligand expression on stromal cells is relatively well known, their function in immune regulation remain largely elusive either in a chronic inflammatory context or in a tumor microenvironment.

Herein, we focused our interest on a population of dermal fibroblasts, the infant FFs. We provide evidence that, upon culture, FFs express PD-L1 and PD-L2 which are upregulated *in vitro* by pro-inflammatory cytokines. We also report that similarly to murine[@cit0030] and human[@cit0034] MSCs, FFs suppress activated CD3^+^ T cell proliferation. This inhibitory effect was due to the induction of early apoptotic signals on mitogen-activated T cells through a cell-to-cell contact involving PD-1 inhibitory molecule on T cells and its ligands PD-L1 and PD-L2 on FFs. More importantly, and for the first time to our knowledge, we demonstrate that MMPs, mainly MMP-13, modulate the expression of both PD-1 ligands through the cleavage of their PD-1 binding domain. Taken together, these novel data suggest that PD-1 ligands expressed by fibroblasts are among the critical processes that suppress T cell response in inflamed or diseased tissues. Furthermore, disruption of this pathway by MMPs might lead to exacerbated inflammation associated with severe tissue damage and/or impaired physical deletion of exhausted defective memory T cells through apoptosis by driving the increase of the magnitude of T cell response.

Results {#s0002}
=======

Both irradiated and non-irradiated infant foreskin fibroblasts express PD-1 ligands able to interact with the soluble PD-1-Fc fusion protein {#s0002-0001}
--------------------------------------------------------------------------------------------------------------------------------------------

Our study was performed with 30 Gray-irradiated infant foreskin fibroblasts (γ-FFs) instead of non-irradiated FFs in order to strictly abrogate fibroblast proliferation without affecting their immunosuppressive capacity, as reported on bone marrow-derived mesenchymal stem cells (BM-MSCs).[@cit0035] Flow cytometry analysis showed that γ-FFs retain similar phenotype compared to non-irradiated cells: (i) expression of mesenchymal markers (CD73, CD90, and CD105), (ii) lack of hematopoietic and co-stimulatory molecules (CD45, CD80, and CD86), (iii) lack of other lineage markers (CD34, MASC-1, and low CD146) (Fig. S1A), and (iv) constant expression of MHC class I molecules (HLA-A, B, C) and absence of MHC class II (HLA-DR) molecules ([Fig. 1A](#f0001){ref-type="fig"}). Like non-irradiated FFs, γ-FFs respond to pro-inflammatory cytokines with strong upregulation and induction of MHC class I and MHC class II (HLA-DR) expression respectively in response to IFNγ and low MHC class I upregulation in response to TNFα, while CD80 and CD86 were not induced (Fig. S1B). These results showed that γ-FFs behave like non-irradiated FFs. Figure 1.Infant foreskin fibroblasts express PD-L1 and PD-L2 molecules and bind PD-1-Fc fusion protein. (A) PD-L1 and PD-L2 expression on infant foreskin fibroblasts (FFs) is not modulated by a 30 Gray-irradiation after 3--5 passages. The expression of surface markers was analyzed by flow cytometry on FFs that were irradiated or not and cultured for 48 h under an identical seeding concentration. Flow histograms are representative of n = 3 independent experiments. Filled histograms showed isotype control staining and open histograms showed the specific expression of the indicated cell surface marker. Mean Fluorescence Intensity (MFI) values are indicated upper left for isotype mAb and upper right for specific markers. (B) Frequency of PD-L1 and PD-L2 expression, and of PD-1-Fc fusion protein binding on 30 Gray-irradiated infant foreskin fibroblasts. The frequency of cells expressing PD-L1, PD-L2, and binding PD-1-Fc fusion protein was analyzed by flow cytometry on γ-FFs after 24 h of culture under an identical seeding concentration. Each symbol represents a different FF donor, n = 14 independent donors are shown.

Importantly, we showed that FFs expressed significant levels of PD-L1 and PD-L2 that were not modulated upon γ-irradiation ([Fig. 1A](#f0001){ref-type="fig"}). As a first evaluation of the relevance of PD-L1 and PD-L2 expression on γ-FFs, we investigated the binding of soluble PD-1-Fc fusion protein. Among 14 different γ-FFs, the frequency of PD-1-Fc^+^ γ-FFs ranges from 66.3 to 83.4% (78.1 ± 11.3%) and the percentages of γ-FFs expressing PD-L1 (72.9 ± 17.5%) and PD-L2 (81.7 ± 12.5%) were similar.([Fig. 1B](#f0001){ref-type="fig"})

The PD-1-Fc binding on γ-FFs ([Fig. 2A--E](#f0002){ref-type="fig"}) was marginally affected by pre-incubation with anti-PD-L1 monoclonal antibody (mAb) (less than 9.5% inhibition whatever the concentration of mAbs used ([Fig. 2B--E](#f0002){ref-type="fig"}) and massively abrogated by pre-incubation with anti-PD-L2 mAb (more than 89.6% inhibition whatever the concentration of mAbs used ([Fig. 2C--E](#f0002){ref-type="fig"}) and totally abrogated by pre-incubation with both anti-PD-L1 (50 µg/mL) and anti-PD-L2 (10 to 50 µg/mL) mAbs (less than 1% of positive γ-FFs *e.g.*, more than 98.7% inhibition ([Fig. 2D--E](#f0002){ref-type="fig"}). Pre-incubation with mixed IgG~2a~ (50 µg/mL)/IgG~2b~ (10 to 50 µg/mL) isotype-matched controls did not change the PD-1-Fc binding on γ-FFs ([Fig. 2E](#f0002){ref-type="fig"}). The same observation was made when analyzed in mean fluorescence intensity (MFI) ([Fig. 2F](#f0002){ref-type="fig"}). This abrogation was still complete with very low concentrations of PD-L2 mAb (40 ng/mL) and 50 µg/mL PD-L1 mAb (data not shown). Similar profiles of mAb-dependent blockade of PD-1-Fc binding were obtained when γ-FFs were harvested either through an enzymatic cell dissociation buffer (trypsin/EDTA) or through an EDTA-based chelating agent (Versene™) (Fig. S2). Although anti-PD-L2 mAb is indeed the dominant blocking mAb, both anti-PD-L1 and anti-PD-L2 mAbs were required to reach a complete blockade of PD-1-Fc binding. Figure 2.Binding of PD-1-Fc fusion protein on 30 Gray-irradiated infant foreskin fibroblasts is abrogated by anti-PD-1 ligand mAbs. The binding of PD-1-Fc fusion protein (PD-1-Fc) to γ-FFs was analyzed before (i and ii) and after (from iii to viii) exposure to blocking anti-PD-L1 (clone 29E2A3) and/or anti-PD-L2 mAbs (clone 24F10C12). Representative dot plots showing isotype control (i, iii, v, and vii) and PD-1-Fc binding (ii, iv, vi, and viii) on γ-FFs non pre-incubated (A) or pre-incubated with PD-L1 (B), PD-L2 (C), and both PD-L1 and PD-L2 (D) blocking mAbs. (A--D) Representative flow histogram overlay of PE-GAH-Fc control (filled histograms) and of PD-1-Fc + PE-GAH-Fc (open histograms). Mean Fluorescence Intensity (MFI) values are indicated upper left for negative control and upper right for PD-1-Fc. (E) Frequency and (F) MFI of positive cells showing binding to PD-1-Fc fusion protein. PD-1-Fc binding was neutralized by anti-PD-L1 (open circle), anti-PD-L2 alone (open square) or combined to 50 µg/mL anti-PD-L1 (closed triangle) blocking mAbs at the indicated concentrations. Closed circle on dotted lines represent isotype-matched controls (mixed IgG~2a~ (50µg/mL)/IgG~2b~) and large dotted lines represent PE-conjugated goat anti-human immunoglobulin Fc portion (PE-GAH-Fc) alone. Data are representative of n = 3 independent experiments (n = 2 γ-FF donors). Bars represent the SD. \*\**p* \< 0 .01 and \*\*\**p* \< 0 .001.

Non-irradiated FFs and γ-FFs shared a similar surface marker profile, and expressed PD-L1 and PD-L2 retaining the capacity to bind a soluble PD-1-Fc fusion protein. The abrogation of the binding to PD-1-Fc fusion protein required additive blockade by anti-PD-L1 and anti-PD-L2 mAbs.

Pro-inflammatory cytokines upregulate the expression of PD-1 ligands on infant foreskin fibroblasts {#s0002-0002}
---------------------------------------------------------------------------------------------------

We next showed that PD-L1 expression was specifically upregulated in response to IFNγ ([Fig. 3](#f0003){ref-type="fig"}, Fig. S3 and S4), while PD-L2 expression levels were increased by IFNγ, TNFα, IL-1α, and TGFβ resulting in potent increase in PD-1-Fc binding in response to most pro-inflammatory cytokines ([Fig. 3B](#f0003){ref-type="fig"} and Fig. S3B). The addition of IFNγ to TNFα and IL-1α did not favor a greater increase in PD-L2 expression (Fig. S4A), but resulted in a greater increase in PD-1-Fc binding (Fig. S4B). γ-FFs retained the ability to respond to pro-inflammatory cytokines and consequently, to increase the PD-1-ligand interactions to the soluble PD-1-Fc fusion protein. PD-L1 expression was enhanced only by IFNγ while PD-L2 expression was more slightly enhanced by other cytokines. Figure 3.At low seeding density, 30 Gray-irradiated infant foreskin fibroblasts upregulate PD-1 ligand expression and their capacity to bind PD1-Fc fusion protein in presence of pro-inflammatory cytokines. γ-FFs seeded at 7 × 10^3^/cm^2^ were maintained in culture for 2 d in presence of pro-inflammatory cytokines (IFNγ, TNFα, IL-1α, IL-1β, TGFβ1, and IL-17A). Expression levels of PD-1 ligands and binding capacity of PD-1-Fc were detected by flow cytometry. (A, B) Representative flow histogram overlay showing isotype control staining (filled histograms) and specific expression of PD-L1 and PD-L2 (open histograms). Mean Fluorescence Intensity (MFI) values are indicated upper left for isotype mAb and upper right for specific markers. (C) Representative flow histogram overlay showing control staining with PE-GAH-Fc (filled histograms) with MFI value in upper left and PD-1-Fc binding (open histograms) with MFI value in upper right. Cytometry data are representative of n = 3 independent experiments.

γ-irradiated infant foreskin fibroblasts suppress mitogen-activated T-cell proliferation through early apoptosis {#s0002-0003}
----------------------------------------------------------------------------------------------------------------

The effect of γ-FFs on CD3^+^ T cell proliferation and activation in presence of the mitogen PHA was examined, as previously reported.[@cit0006] The γ-FFs were plated at three different densities and cultured for 24 h/48 h before successive additions of Carboxyfluorescein succinimidyl ester (CFSE)-stained T cells and of the mitogen PHA. We observed that γ-FFs inhibited PHA-stimulated CD4^+^ and CD8^+^ T cell proliferation in a dose-dependent manner ([Fig. 4A1--2](#f0004){ref-type="fig"}). The suppression was potent as the inhibitory effects were already significant at a ratio of 1.25 γ-FFs to 100 T cells and more visible on the CD4^+^ T cells (77.9 ± 2.6% inhibition) than CD8^+^ T cells (56.1 ± 3.7% inhibition). Figure 4.30 Gray-irradiated infant foreskin fibroblasts reduce the numbers of mitogen-activated CD3^+^ cells upon co-culture by inducing early apoptosis of PHA-activated T cells. The proliferative response of CFSE-labeled CD3^+^ T cells, co-labeled with anti-CD4^+^ and anti-CD8^+^ antibodies was analyzed by flow cytometry after 7 d of co-culture on plated γ-FFs, and activation by PHA-L (0.5µg/mL). (A1, A2) Data showed the number of CD4^+^ and CD8^+^ T cells among total CD3^+^ T cells (calculated on FlowJo® software) cultured for 5 d on γ-FFs at different ratios of 1.25 γ-FFs:100 T cells, 2.5 γ-FFs:100 T cells and 5 γ-FFs/100 T cells (n = 3 independent experiments). Significant value is \*\**p* \< 0 .01 between "T cells+PHA-L" (black histogram) and all other conditions (multiple gray histograms). (B1, B2) Representative FlowJo® analysis of the CFSE dilution (PI: Proliferation Index), the numbers of CD4^+^ and CD8^+^ T cells, and the percentage of divided CD4^+^ (i--iv) and CD8^+^ T cells (v--viii) at a ratio of 5 γ-FFs: 100 CD3^+^ T cells. (C) The percentage of early apoptotic CD3^+^ T cells (DAPI^−^/Annexin V^+^ T cells) was determined in absence or in presence of γ-FFs treated or not by TNFα at a ratio of 5 γ-FFs:100 T cells. Before co-culture with γ-FFs (0 h), after 3 h of co-culture with γ-FFs (3 h), and after 3 h of co-culture with γ-FFs and then 17 h of PHA (0.25 µg/mL) activation (3 h + 17 h PHA), T cells were co-labeled with anti-CD4 PerCP-Cy5.5-mAb and anti-CD8 APC-mAb, stained with PE-Annexin V, and then analyzed by flow cytometry. Summation data of six independent experiments are shown (n = 4 T cell donors and n = 2 γ-FF donors). Bars represent the SD. \**p* \< 0 .05.

Next, we pre-incubated γ-FFs in presence of pro-inflammatory cytokine cocktails (TNFα + IL-1α or IFNγ + TNFα + IL-1α) to increase PD-1 ligand expression (Fig. S4). Cytokine pre-stimulation of γ-FFs did not lead to a significant increase in the γ-FFs-mediated suppression of activated CD4^+^ T cell proliferation and activated CD8^+^ T cell proliferation (except for the TNFα + IL-1α + IFNγ cocktail), in a ratio-dependent manner ([Fig. 4A1--2](#f0004){ref-type="fig"}). At a ratio of 2.5 γ-FFs pretreated with TNFα/IL-1α to 100 T cells, the percent inhibition was 71.4±4.0% and 53.5±1.0% for CD4^+^ and CD8^+^ T cells, respectively. At a similar γ-FF:T cell ratio, when γ-FFs were pretreated with TNFα + IL-1α + IFNγ, the CD4^+^ T cells and the CD8^+^ T cells were similarly suppressed with 75.7 ± 2.3% and 74.7 ± 5.9% inhibition, respectively ([Fig. 4A1--2](#f0004){ref-type="fig"}). Although γ-FF pretreatment with cytokine cocktails leads to a high increase of PD-1 ligand expression (Fig. S4), upregulation of MHC molecules may also be induced (Fig. S1) and other soluble mediators may be released (data not shown) which may partly compensate for the increase of PD-1 engagement.

To determine the mechanism by which γ-FFs suppressed both activation and proliferation of T cells cultured in presence of PHA, in CD4^+^ and CD8^+^ T cell subsets we compared: (i) the absolute cell numbers, (ii) the percentage of dividing cells, and (iii) the Proliferation Index (PI) of the proliferative response assessed by CFSE dilution. We compared culture conditions in absence of γ-FFs or in presence of non-treated and treated γ-FFs by TNFα + IL-1α +/− IFNγ. At a ratio 5 γ-FF:100 T cells ([Fig. 4B1--2](#f0004){ref-type="fig"}), we observed a decrease of 32--34% of the PI for the CD4^+^ T cells and the CD8^+^ T cells, respectively. A similar distribution of the CFSE profile for every T cell subpopulation whatever the pre-treatment of γ-FFs by TNFα + IL-1α +/− IFNγ suggest identical number of T cell division for CD4^+^ T cells and for CD8^+^ T cells, respectively. In contrast, we observed an important reduction of the absolute numbers of CD4^+^ T cells and CD8^+^ T cells in presence of γ-FFs. [Fig. 4A1--2](#f0004){ref-type="fig"} showed summary data at the three different γ-FFs to target CD3^+^ T cell ratios. These results suggest that γ-FFs suppressed T cell proliferation by limiting the number of T cells initially entering in division and that the non-dividing T cells are lost. One hypothesis is that the immunosuppression of γ-FFs occurred at a very early step of T cell proliferation by increasing early apoptosis and limiting the number of T cells retaining the ability to achieve proliferation in response to the mitogen.

We then examined whether γ-FFs triggered apoptosis of short time PHA-activated T cells. The percentage of early apoptotic T cells was assessed (DAPI-/Annexin V^+^ CD3^+^ T cells) after 3 h of co-culture without PHA addition and 17 h of co-culture in presence of PHA (20 h) (Fig. S5). In presence of γ-FFs, a strong increase of apoptosis (*p* \< 0 .05) was observed ([Fig. 4C](#f0004){ref-type="fig"}) at 20 h including 17 h of PHA activation. In the CD4^+^ T cell subset, 58.8±5.2% of cells were DAPI^−^/Annexin V^+^ with γ-FFs *versus* 27.6±8.0% without γ-FFs. In the CD8^+^ T cell subset, 66.3±7.4% of cells were DAPI^−^/Annexin V^+^ with γ-FFs *vs*. 33.9±9.0% without γ-FFs. Similar results were observed after a pre-incubation of γ-FFs with TNFα (100 ng/mL) that was chosen in order to selectively favor the upregulation of PD-L2 and PD-1 binding and not that of PD-L1 ([Fig. 4C](#f0004){ref-type="fig"}). These data confirmed that γ-FFs limited the number of T cells capable of proliferation by increasing T cell apoptosis at a very early stage of T cell proliferation.

PD-L1 and PD-L2 blockade on γ-irradiated FFs reverts the inhibition of T cell proliferation and the induction of T cell apoptosis {#s0002-0004}
---------------------------------------------------------------------------------------------------------------------------------

Previous functional studies reported that PD-L1 and PD-L2 exert overlapping effects on T cell response.[@cit0037] To assess the functional significance of the expression of PD-1 ligands on γ-FFs, we examined the impact of anti-PD-L1 and anti-PD-L2 neutralizing mAbs in γ-FFs-mediated suppression of PHA-stimulated CD3^+^ T cell proliferation. A pre-incubation of γ-FFs with both blocking anti-PD-1 ligand mAbs but not isotype controls, partially restored PHA-stimulated CD4^+^ T cell numbers, but increased rescue was observed in presence of TNFα-treated γ-FFs expressing more PD-L2 (*p* \< 0 .01 at both ratios) ([Fig. 5A1--2](#f0005){ref-type="fig"}). Of importance, the restoration was complete in the CD8^+^ T cell subset, even more strikingly when co-cultured with TNFα-treated γ-FFs. Following PD-1 ligand blockade, the functional influence of the diverse array of small molecules secreted by TNFα-treated γ-FFs (growth factors, chimiokines, and cytokines) and direct cell--cell contact might promote specific CD8^+^ T cell proliferation. Collectively, these data demonstrate that γ-FFs-mediated suppression of PHA-stimulated CD3 T cell proliferation involved PD-1 ligands. Figure 5.PD-L1 and PD-L2 blockade by mAbs reverts the inhibition of T cell proliferation and the induction of T cell apoptosis triggered by 30 Gray-irradiated infant foreskin fibroblasts. (A1, A2) PHA was added to a co-culture of γ-FFs pre-treated or not with TNFα and CD3^+^ T cells at different ratios of 2.5 γ-FFs:100 T cells and 5 γ-FFs:100 T cells. Flow cytometry analysis of the number of the total bulk CD3^+^ T cells, co-labeled with anti-CD4 and anti-CD8 mAbs was performed after 7 d of co-culture in the presence or not of anti-PD-L1 (clone 29E23A3)/anti-PD-L2 (clone 24F10C12 ) mAbs or isotype control antibodies (mouse IgG~2a~/IgG~2b~). Results are mean ± SD of the number of CD4^+^ cells and CD8^+^ T cells within the CD3^+^ T cells and are representative of three independent experiments. Bars represent the SD, \*\**p* \< 0 .01. (B1, B2) The blocking capacity of mixed anti-PD-L1 (clone 29E23A3) and anti-PD-L2 mAbs (clone 24F10C12), compared to mixed isotype controls (mouse IgG~2a~/IgG~2b~) was determined by the difference of percentage of early apoptotic CD3^+^ T cells (DAPI^−^/Annexin V^+^ T cells) in presence or in absence of γ-FFs at two ratios of 2.5 γ-FFs:100 T cells and 5 γ-FFs:100 T cells. 17 h after PHA stimulation in the conditions as indicated, T cells were co-labeled with anti-CD4-FITC mAb and anti-CD8-PerCP-Cy5.5 mAb, stained with PE-Annexin V, and then analyzed by flow cytometry. Results are representative of n = 3 independent experiments. Bars represent the SD. \**p* \< 0 .05, \*\**p* \< 0 .01.

We then analyzed the consequences of PD-1 ligand blockade on γ-FFs-induced apoptosis of PHA-activated CD3^+^ T cells ([Fig. 5B1--2](#f0005){ref-type="fig"}). Neutralization with mixed anti-PD-L1 and anti-PD-L2 mAbs, but not isotype-matched controls, significantly reduced the percentage of early apoptotic T cells triggered by γ-FFs. Indeed, the γ-FFs induced apoptosis decreased from 13.7±1.7% to 8.1±1.6%, *p* \< 0 .01 (2.5 γ-FF:100 T cell ratio) and from 33.8±4.5% to 24.0±3.3%, *p* \< 0 .01 (5 γ-FF:100 T cell ratio) in the CD4^+^ T cell subset. In the CD8^+^ T cell subset, γ-FFs induced apoptosis decreased from 20.6±1.1% to 13.4±1.8%, *p* \< 0 .05 (2.5 γ-FF:100 T cell ratio) and from 28.6±2.4% to 22.2±2.5%, *p* \< 0 .01 (5 γ-FF:100 T cell ratio) ([Fig. 5B1--2](#f0005){ref-type="fig"}). These experiments confirm that both PD-L1 and PD-L2 expressed on γ-FFs play a role in the induction of early apoptosis of PHA-activated T cells co-cultured with γ-FFs.

PD-1 ligand expression is lost on γ-irradiated infant foreskin fibroblasts as a function of time and cell-seeding density {#s0002-0005}
-------------------------------------------------------------------------------------------------------------------------

By contact-inhibition, primary fibroblasts can be induced into reversible quiescence, but unlike most primary cells, fibroblasts remain healthy and highly active metabolically in culture in a quiescent state for as long as 30 d with little apoptosis or senescence.[@cit0038] We investigated the impact of cell density and culture time on PD-1 ligand and CD10 expression. CD10 was chosen as a reference surface molecule on γ-FFs. γ-FFs were cultured at the seeding cell concentration of 13 × 10^3^/cm^2^ and analyzed for PD-L1 and PD-L2 expression and PD-1-Fc binding by flow cytometry (frequency and MFI) on day 1, day 4, and day 14 of culture. A progressive loss of PD-L1 and PD-L2 expression and PD-1-Fc binding (both percentages ([Fig. 6B](#f0006){ref-type="fig"}) and relative MFI values ([Fig. 6C](#f0006){ref-type="fig"}) was observed from day 1 up to day 14 on DAPI^−^ adherent fibroblasts. The loss for PD-L1 expression level (loss of 63.8% PD-L1^+^ cells and of 54.2% MFI ratio), that of PD-L2 (loss of 64.7% PD-L2^+^ cells and of 47.9% MFI ratio) and that for PD-1 binding (loss of 75.3% positive cells and of 53.9% MFI ratio) were significantly observed on day 4 at that seeding cell density (13 × 10^3^/cm^2^) ([Fig. 6B--C](#f0006){ref-type="fig"}). CD10 expression level remained stable from day 1 to day 14 of culture (loss of 3.7% CD10^+^ cells and of 2.3% MFI ratio) ([Fig. 6B--C](#f0006){ref-type="fig"}). We controlled whether the loss of expression level of PD-1 ligands was related to changes in RNA copy number along the culture-time. CD10 was kept as a reference molecule. The copy number of PD-1 ligands and CD10 was assessed *via* droplet digital PCR (ddPCR) that is more sensitive than real-time PCR and enables the absolute quantitation of nucleic acids. The copy numbers/µL increased from day 1 to day 14 for PD-L1, PD-L2, and CD10 in the three γ-FF donors ([Fig. 6A](#f0006){ref-type="fig"}). ddPCR shows an increase of the PD-1 ligand gene expression levels suggesting that the observed progressive loss of PD1 ligand cell surface expression cannot be due to an altered transcription. Figure 6.PD-L1, PD-L2, and CD10 transcript quantitation by droplet digital PCR and loss of PD-L1 and PD-L2 expression, and of the capacity to bind PD-1-Fc fusion protein on 30 Gray-irradiated infant foreskin fibroblasts after 4 d and 14 d of culture. Under similar seeding cell density (13 × 10^3^/cm^2^) γ-FFs (three donors) were maintained in culture for 1, 4, and 14 d (A) Purified total RNA of γ-FFs were examined. All RNAs were quantified by droplet digital PCR and all transcript concentrations are given in copy number/μL (B) Frequency of CD10^+^, PD-L1^+^, and PD-L2^+^ cells and frequency of positive cells showing a binding to PD-1-Fc at different times of culture were detected by flow cytometry. (C) Mean fluorescence intensity (MFI) ratio = MFI of cells after labeling with anti-CD10 PE-mAb, anti-PD-L1 PE-mAb, and with anti-PD-L2 PE-mAb: MFI of cells incubated with PE-IgG~1~ isotype. MFI ratio = MFI of cells after binding with PD-1-Fc fusion protein + PE-conjugated goat anti-human immunoglobulin Fc portion (PE-GAH-Fc):MFI of cells incubated with PE-GAH-Fc. Summation data of three γ-FF donors are shown and representative of n = 3 independent experiments. Bars represent the SD. \**p* \< 0 .05, \*\*\**p* \< 0 .001.

In order to exclude a loss of cell viability/integrity during the 14 d of culture, we performed detailed analyses of DAPI exclusion, Annexin V binding and senescence. Through all the study, PD-1 ligand expression was studied on DAPI^−^ adherent γ-FFs, thus the loss of PD-L1 and PD-L2 cannot be related to a loss of viability (Fig. S6A-B). Furthermore, Annexin V binding to phosphatidylserine (PS) translocated to the outer cellular surface was analyzed on DAPI^−^ cells and revealed that the cells were 61.8±7.1% Annexin V^+^ on day 1, 32.4±3.0% on day 4 and 19.8±4.6% on day 14 (Fig S6C--D). As expected, because FFs were γ-irradiated adherent cells were all senescent as revealed by senescence-associated β-galactosidase (SA-β-gal) activity (Fig S6E--G) and γ-FFs remain metabolically active and resistant to apoptosis as described.[@cit0040]

We next examined whether this loss of PD-1 ligand expression was dependent on cell seeding density. γ-FFs were cultured at different densities (from 7 × 10^3^/cm^2^ to 140 × 10^3^/cm^2^) and PD-1 ligand expression was analyzed on day 1 (reference day with optimal expression) and day 4 of culture ([Fig. 7](#f0007){ref-type="fig"}). After 4 d of culture, γ-FFs showed a significant decrease of both PD-1 ligand expression at the seeding concentration of 35 × 10^3^/cm^2^ ([Fig. 7A3--4, B3--4](#f0007){ref-type="fig"}) (loss of 49.6% of PD-L1^+^ cells and 48.7% of PD-L2^+^ cells). On day 4, the loss of PD-1 ligand expression was observed from the lowest (35 × 10^3^/cm^2^) to the highest (140 × 10^3^/cm^2^) seeding concentrations, with a nearly complete loss of expression at the highest seeding density ([Fig. 7A1--2, B1--2](#f0007){ref-type="fig"}). These data indicated that the loss of PD-1 ligand expression on γ-FFs was culture time-dependent and cell-seeding density-dependent. Figure 7.High seeding density of 30 Gray-irradiated infant foreskin fibroblasts favored the loss of PD-L1 and PD-L2 expression between day 1 and day 4 of culture. Under different seeding cell concentrations (7 × 10^3^; 14 × 10^3^; 35 × 10^3^; 70 × 10^3^; 140 × 10^3^/cm^2^), γ-FFs were maintained in culture for 1 and 4 d. Expression levels of PD-1 ligands were detected by flow cytometry. (A1, B1) Frequency of PD-L1 (A1) and PD-L2 (B1) positive cells, and isotype controls (PE-IgG~1~). Loss of positive cells was calculated between day 1 and day 4 at each seeding density (dotted line). (A2, B2) Mean fluorescence intensity (MFI) of positive cells after labeling with anti-PD-L1 PE-mAb (A2) and with anti-PD-L2 PE-mAb (B2). (A3, A4, B3, B4) For a seeding concentration of 35 × 10^3^/cm^2^, representative dot-plots showed isotype control (i,iii) and PE-PD-L1 mAb (ii,iv) on γ-FFs on day 1 (A3) and day 4 (A4), respectively. Representative flow histogram overlay showed isotype control (filled histograms) with MFI value in upper left and PE-PD-L1 mAb (open histograms) with MFI value in upper right. Representative dot-plots showed isotype control (v,vii) and PE-PD-L2 mAb (vi,viii) on γ-FFs on day 1 (B3) and day 4 (B4), respectively. Representative flow histogram overlay showed isotype control (filled histograms) with MFI value in upper left and PE-PD-L2 mAb (open histograms) with MFI value in upper right. Cytometry data are representative of n = 2 independent experiments.

Loss of PD-L1 and PD-L2 expression on γ-irradiated infant foreskin fibroblasts involved matrix metalloproteinases 9 and 13 {#s0002-0006}
--------------------------------------------------------------------------------------------------------------------------

In order to decipher the mechanisms of PD-1 ligand loss, we then investigated whether PD-L1 and PD-L2 would undergo extracellular domain proteolytic cleavage by enzymes endowed with MMP-like proteolytic activity that would be secreted by cultured γ-FFs. At first, in order to mimic MMP-proteolytic activity, we selected three enzymes: (i) a highly purified collagenase (CLSPA) with collagenase activity similar to that of the MMP-1, MMP-8 and, MMP-13 sub-group, (ii) Dispase II® with a proteolytic activity found in the gelatinase MMP-2 and MMP-9 sub-group, and (iii) Thermolysin with additional enzymatic activities such as aspartyl proteinase-like activity found in the Collagenase-3/MMP-13.

The highly purified collagenase (CLSPA) had no effect on PD-1 ligand expression nor on PD1-Fc binding on γ-FFs ([Fig. 8A--B](#f0008){ref-type="fig"}). In contrast, pre-incubation with Dispase II® resulted in a complete loss of PD-L2 detection and a strong decrease of PD-1-Fc binding (17±2.1% of PD-1-Fc^+^ cells with 2 U/mL Dispase II®), while PD-L1 expression remained nearly unchanged (68.2±3.1% of PD-L1^+^ cells with 2 U/mL Dispase II, *versus* 80±1.6% of PD-L1^+^ cells without enzymatic treatment) ([Fig. 8A--B](#f0008){ref-type="fig"}). Using 200 µg/mL Thermolysin, both PD-1 ligands were strongly cleaved (37.6±3.0% of PD-L1^+^ cells; 0.2±0.06% of PD-L2^+^ cells) resulting in complete loss of PD-1 binding (0.7±0.4% of PD-1-Fc^+^ cells) ([Fig. 8A--B](#f0008){ref-type="fig"}). PD-L2 and consequently, PD-1-Fc fusion protein binding, were more sensitive to cleavage in presence of Thermolysin than PD-L1 (0.9±0.1% of PD-L2^+^ cells and 28.9±3.5% of PD-1-Fc^+^ cells *vs*. 78.9±3.8% of PD-L1^+^ cells in presence of 50 µg/mL Thermolysin) ([Fig. 8B](#f0008){ref-type="fig"}). Similar pattern of cleavage by the three enzymes (collagenase/CLSPA, Dispase II®, and Thermolysin) was obtained when γ-FFs were pre-fixed with 2% PFA confirming that PD-L1 and PD-L2 expression but not CD10 expression are regulated through proteolytic cleavage (Fig. S7). This demonstrated that the expression of PD-1 ligands is affected by enzymes with aspartyl proteinases and to a lesser extent, gelatinase-like MMP activities (in particular PD-L2 molecule was cleaved by Dispase II®), but not collagenase activities. Figure 8.Cleavage/shedding of PD-L1, PD-L2, and PD-1-Fc binding by exogenous enzymes with MMP-like activities. After 1 day of culture, γ-FFs were maintained at 37°C in suspension in presence of different concentrations of chromatographically purified collagenase (CLSPA, 500 and 1000 U/mL), Dispase II® (0.5, 1, and 2 U/mL), and Thermolysin (50, 100, and 200 µg/mL) for 1 h. Expression levels of PD-1 ligands and binding capacity of PD-1-Fc were detected by flow cytometry. (A) Representative flow histogram overlay showed isotype control (filled histograms) with MFI value in upper left and PE-PD-L1 mAb/PE-PD-L2 mAb (open histograms) with MFI value in upper right. Representative flow histogram overlay showed PE-GAH-Fc control (filled histograms) with MFI value in upper left and PD-1-Fc + PE-GAH-Fc (open histograms) with MFI value in upper right. (B) Frequency of PD-L1^+^, PD-L2^+^ cells, and PD-1-Fc-binding cells after cleavage by collagenase (CLSPA), Dispase II®, and Thermolysin. Data are representative of n = 3 independent experiments. Bars represent the SD. \**p* \< 0 .05.

We controlled the cellular and molecular specificity of collagenase/CLSPA, Dispase II®, Thermolysin activities on 2% PFA-pre-fixed monocyte-derived dendritic cells (Mo-DCs). Similarly to γ-FFs, PD-L1 expression and PD-1-Fc binding are negatively regulated by a high concentration of Thermolysin (\>100  µg/mL). CD80 and CD86 expression underwent no significant downregulation with the three enzymes.(Fig. S8).

To further define which MMP-subgroup contributes to PD-1 ligand expression, we used MMP inhibitors with different specificities. As shown in [Fig. 9](#f0009){ref-type="fig"} ([Fig. 9A1--2](#f0009){ref-type="fig"}), only the MMP-13 specific inhibitor (CL82198) significantly (*p* \< 0 .05) restored PD-L1 expression (20.6±5.9% recovery of the frequency of PD-L1^+^ cells from day 1 to day 4 in presence of 12 µg/mL CL82198) when compared to the other MMP inhibitors tested (actinonin, SB3CT, NNGH, Z-Pro-Leu-Gly-NHOH and GM6001) ([Fig. 9A1](#f0009){ref-type="fig"}). In contrast, PD-L2 expression was partially restored by three MMP inhibitors (22.9 ± 1.7% recovery for CL82198, 12.2 ± 3.0% for actinonin, and 12.7±0.2% for NNGH) ([Fig. 9B1](#f0009){ref-type="fig"}). For both PDL1 and PDL2, similar patterns were observed on day 4 only and CL82198 significantly (*p* \< 0 .05) restored their expression when compared to the other MMP inhibitors.([Fig. 9A2, B2](#f0009){ref-type="fig"}) Figure 9.The specific MMP-13 inhibitor CL82198 significantly restored PD-L1 and PD-L2 expression on 30 Gray-irradiated infant foreskin fibroblasts maintained in culture for 4 d. After 1 day of culture at 37°C, γ-FFs were further cultured for 4 d at 37°C in presence or not of MMP inhibitors (without any medium change). Six MMP inhibitors were tested at two different concentrations. Expression levels of PD-L1 and PD-L2 were detected by flow cytometry on γ-FFs on day 1 and day 4. (A1, B1) Recovery (%) of the frequency of PD-L1^+^ and PD-L2^+^ cells after 4 d of culture in presence of the MMP inhibitors. (A2, B2) Recovery (%) of mean fluorescence intensity (MFI) value of the PD-L1^+^ and PD-L2^+^ cells cultured in presence of MMP inhibitors for 4 d. Results are representative of n = 4 independent experiments. Bars represent the SD \**p* \< 0 .05 between CL82198 12 µg/mL (black histogram) and all other concentrations of MMP inhibitors tested (Actinonin, SB3CT, NNGH, Z-Pro-Leu-Gly-NHOH, GM6001).

As the expression of both PD-1 ligands was significantly restored by the specific inhibitor of MMP-13 (CL82198), we suggested that MMP-13 was implicated in the shedding/cleavage of PD-L1 and PD-L2 on the γ-FFs.

PD-L1 and PD-L2 cleavage by exogenous MMP-9 and MMP-13 on γ-irradiated infant foreskin fibroblasts reverts apoptotic signals on mitogen-activated T cells {#s0002-0007}
---------------------------------------------------------------------------------------------------------------------------------------------------------

Based on above results, we focused our interest on the MMP-9 with a gelatinase activity, and the MMP-13 with wider proteolytic capacities.[@cit0041] To block endogenous MMPs, γ-FFs were pre-fixed with 2% PFA. Both MMP-9 and MMP-13 were found to partially but significantly cleave PD-L1 and PD-L2. The percentage of PD-L1^+^ fixed γ-FFs decreased from 48.6 ± 2.8% to 39.4 ± 0.1% and to 31.1 ± 2.01% in presence of MMP-9 and MMP-13, respectively. The percentage of PD-L2^+^ cells decreased from 49.8 ± 0.2% to 40.2 ± 2.7% and to 36.8 ± 0.4% in presence of MMP-9 and MMP-13, respectively ([Fig. 10A--B](#f0010){ref-type="fig"}). Similarly, both MMPs significantly decreased the percentage of PD-1-Fc^+^ fixed γ-FFs from 36.0 ± 2.2% to 21.7 ± 2.6% and to 21.0 ± 0.9% in presence of MMP-9 and MMP-13, respectively ([Fig. 10C](#f0010){ref-type="fig"}). This result showed that PD-1-binding domains of both PD-1 ligands are partially but significantly cleaved by MMP-9 and by MMP-13. Figure 10.PD-L1 and PD-L2 cleavage by exogenous MMP-9 and MMP-13 on 30 Gray-irradiated infant foreskin fibroblasts reverts apoptotic signals on mitogen-activated T cells. (A--C) After 2 d of culture in presence of 100 ng/mL TNFα, plated γ-FFs were fixed with 2% PFA then after washing were incubated at 37°C in presence of APMA-activated pro-MMP-9 and pro-MMP-13 in culture medium (1% FCS) for 24 h. Expression levels of PD-1 ligands and binding capacity of PD-1-Fc (3 µg/mL) were detected by flow cytometry. Frequency of PD-L1^+^, PD-L2^+^ cells (A, B), and PD-1-Fc-binding cells (C) was calculated after 24 h incubation in presence or not of exogenous MMP-9 and MMP-13. Results are representative of two independent experiments. Bars represent the SD. \**p* \< 0 .05. (D--E): After 2 d of culture, γ-FFs were directly incubated at 37°C in presence or not of APMA-activated pro-MMP-9 and pro-MMP-13 in culture medium (1% FCS) for 24 h. CD3^+^ T cells were added and early T cell apoptosis after 17 h-PHA activation was determined by the difference of percentage of early apoptotic CD3^+^ T cells (DAPI^−^ T cells/Annexin V^+^) in presence or in absence of γ-FFs at two ratios of 2.5 γ-FFs:100 T cells and 5 γ-FFs:100 T cells. After PHA activation in the conditions as indicated, T cells were co-labeled with anti-CD4-FITC mAb and anti-CD8-PerCP-Cy5.5 mAb, stained with PE-Annexin V and, then analyzed by flow cytometry. Results are representative of n = 2 independent experiments. Bars represent the SD \**p* \< 0 .05.

We controlled the cellular and molecular specificity of MMP-9 and MMP-13 activities on 2% PFA-pre-fixed Mo-DCs. Both MMP-9 and MMP-13 were found to partially but significantly decrease the percentage of PD-1-Fc^+^ PFA-prefixed Mo-DC from 49.9 ± 2.2% to 39.5 ± 3.6%, and to 23.7 ± 0.1% in presence of MMP-9 and MMP-13, respectively (Fig. S9). CD80, CD86, and PD-L1 expression was non-significantly decreased through both MMP proteolytic cleavage.(Fig. S9).

We then assessed the impact of MMP-9 and MMP-13 on γ-FFs-mediated early apoptosis of PHA-activated T cells. MMP-9 treatment of γ-FFs induced a decrease in the percentage of early apoptotic T cells, for both γ-FF:T cell ratios tested. The percentage of early apoptotic CD4^+^ T cells decreased from 26.9 ± 3.3% to 18.2 ± 0.3%, *p* \< 0 .05 with the ratio 5 γ-FF:100 T cells while that of CD8^+^ T cells decreased from 50.5 ± 9.6% to 28.5 ± 0.6%, *p* \< 0 .05 with a similar ratio ([Fig. 10D--E](#f0010){ref-type="fig"}). Similarly, γ-FFs-treatment by MMP-13 induced a decrease in the percentage of early apoptotic CD4^+^ T cells (from 26.9±3.3% to 17.4 ± 0.1%, *p* \< 0 .05 with the ratio 5 γ-FF:100 T cells and CD8^+^ T cells subset (from 50.5 ± 9.6% to 26.8 ± 1.4%, *p* \< 0 .05 with a similar ratio) ([Fig. 10D--E](#f0010){ref-type="fig"}). These data demonstrate that MMP-9 and MMP-13 cleaved PD-1 ligands ([Fig. 10A--C](#f0010){ref-type="fig"}) and consequently, abrogate γ-FFs-induced T cell apoptosis.([Fig. 10D--E](#f0010){ref-type="fig"})

Carcinoma-associated fibroblasts behave like PD-1 ligand-depleted fibroblasts {#s0002-0008}
-----------------------------------------------------------------------------

We compared the behavior of isolated and irradiated-carcinoma-associated fibroblasts (γ-CAFs) to emphasize the biological relevance of MMPs in a cancer microenvironment. CAFs were isolated from the connective tissue of fresh tumors from patients diagnosed with primary breast carcinoma. CAFs followed similar irradiation protocol as FFs. We showed that γ-CAFs expressed significantly lower levels of PD-L1 and PD-L2, and a low binding of soluble PD-1-Fc fusion protein compared to γ-FFs ([Fig. 11A](#f0011){ref-type="fig"}). Among 13 different γ-FFs and 8 γ-CAFs studied in the same period, the frequency of PD-1-Fc^+^ cells was 61.6 ± 10.9% for γ-FFs *versus* 13.0.7 ± 15.2% for γ-CAFs, the percentages of PD-L1^+^ cells were 61.1 ± 13.4% for γ-FFs *vs*. 14.7±17.6% for γ-CAFs, and the percentages of PD-L2^+^ cells were 66.9 ± 11.6% for γ-FFs *versus* 9.43 ± 11.8% for γ-CAFs.([Fig. 11A](#f0011){ref-type="fig"}) Figure 11.Comparison between 30 Gray-irradiated Carcinoma Associated Fibroblasts (γ-CAFs) and 30 Gray-irradiated infant foreskin fibroblasts (γ-FFs) in their PD-1 ligand expression, inhibitory capacity of mitogen-induced T cell proliferation, and MMP-1, MMP-9, and MMP-13 secretion capacity. (A) Frequency of PD-L1 and PD-L2 expression and of PD-1-Fc fusion protein binding on γ-FFs (n = 13 donors) and γ-CAFs (n = 8 donors). The frequency of cells expressing PD-L1, PD-L2, and PD-1-Fc binding was analyzed by flow cytometry after 24 h of culture under identical seeding concentrations. Each symbol represents a different donor. Bars represent mean values ± SD. (B) γ-CAFs do not reduce the numbers of CD3^+^ T cells after 7 d of co-culture in presence of the polyclonal mitogen PHA-L (0.5 µg/mL). PD-L1 and PD-L2 blockade by anti-PD-1 ligand mAbs (clone 29E23A3 + clone 24F10C12) only reverts the inhibition of T cell proliferation by γ-FFs. Data represent the numbers of CD4^+^ cells and CD8^+^ T cells within the CD3^+^ T cells. Bars represent SD \**p* \< 0 .05. (C) Quantitative determination of MMP-1, MMP-9, and MMP-13 released by γ-FFs (n = 4 donors) and γ-CAFs (n = 4 donors). γ-FFs and γ-CAFs were plated for 4 h in D-MEM supplemented with 10% FCS and D-MEM/F-12:1/1 supplemented with 10% FCS, respectively at 37°C. Only γ-FFs were incubated for 2 h at 37°C in presence of 100 ng/mL TNFα in D-MEM supplemented with 1% FCS while γ-CAFs were directly incubated in D-MEM/F-12:1/1 supplemented with 1% FCS. Both γ-FFs and γ-CAFs were maintained for 5 d in their respective medium supplemented with 1% FCS (without any medium change). Supernatants (duplicate) were analyzed with Magnetic Luminex® Performance Assay test (Human MMP-1, MMP-9, and MMP-13).

The effect of γ-FFs and γ-CAFs on CD3^+^ T cell proliferation in presence of the mitogen PHA was examined. We observed that γ-FFs but not γ-CAFs (two donors) significantly (*p* \< 0 .05 at both ratios) inhibited PHA-stimulated CD4^+^ and CD8^+^ T-cell proliferation by reducing the absolute numbers of CD4^+^ T cells and CD8^+^ T cells ([Fig. 11B](#f0011){ref-type="fig"}). As previously shown in [Fig. 5A1--2](#f0005){ref-type="fig"}, a pre-incubation of γ-FFs with both blocking anti-PD-1 ligand mAbs, partially restored PHA-stimulated CD4^+^ T cell and CD8^+^ T cell proliferation (*p* \< 0 .05 at both ratios) ([Fig. 11B](#f0011){ref-type="fig"}). These results show that γ-CAFs, did not suppress but even slightly enhance T cell proliferation. Thus, γ-CAFs behave like γ-FFs that were pre-incubated with both blocking anti- PD-1 ligand mAbs.

We controlled whether the loss of PD-1 ligand expression and the impaired immunosuppression on T cell by γ-CAFs compared to γ-FFs were due to a higher secretion of MMPs and consequently, cleavage of PD-1 ligands on γ-CAFs. γ-FFs and γ-CAFs were maintained in similar culture conditions and MMP-1, MMP-9, and MMP-13 were measured in supernatants by Magnetic Luminex® assay ([Fig. 11C](#f0011){ref-type="fig"}). A pre-treatment of γ-FFs with TNFα for 2 h at 37°C enhanced the secretion of MMP-1 (31.9 ± 10.9 ng/mL/1 × 10^6^ cells *vs*. 85.4 ± 61.5 ng/mL/1 × 10^6^ cells in presence TNFα) and MMP-13 (135.1 ± 85.7 pg/mL/1 × 10^6^ cells *versus* 246.2 ± 104.9 pg/mL/1 × 10^6^ cells in presence of TNFα). Without TNFα treatment, γ-CAFs showed a 2--4-fold higher level in MMP-1 secretion, 10-fold in MMP-9 and 3--6-fold in MMP-13 compared to γ-FFs ([Fig. 11C](#f0011){ref-type="fig"}). These results suggest that any environmental conditions favoring MMP release by fibroblasts may impair their immunosuppressive capacities by alteration of the PD-1/PD-1 ligand pathway.

Discussion {#s0003}
==========

Similarly to MSCs[@cit0001] fibroblasts are not just passive structural cells but may play an active role in immune cell functions through early apoptosis induction of activated T cells in a PD-1/PD-1 ligand-dependent manner. We provide evidence, for the first time to our knowledge, that an MMP activity can prevent early apoptosis of activated CD3^+^ T cells through PD-1 ligand cleavage on fibroblast cell membrane. We showed that both γ-irradiated and non-irradiated FFs express the co-inhibitory molecules PD-L1 and PD-L2. While the expression of PD-L2 in normal conditions has been thought to be predominantly restricted to professional APCs such as DCs and macrophages,[@cit0025] the expression of PD-L1 appears more ubiquitous. PD-1 ligand expression and functions linked to attenuating T cell response, promoting T cell tolerance or preventing autoimmunity were well documented on hematopoietic cells.[@cit0012] In contrast, conflicting data were reported on the expression and functions of PD-1 ligands by murine/human bone marrow-MSCs and fibroblasts. After isolation and *in vitro* expansion, mesenchymal/stromal cells from different cellular sources may express from negligible to high levels of PD-L1 and PD-L2 molecules.[@cit0045] Furthermore, PD-L1 expression by human normal dermal fibroblasts/myofibroblasts has been reported.[@cit0031] Indeed, PD-L1 and PD-L2 were shown to be constitutively expressed by fibroblasts/myofibroblasts in the normal colonic mucosa both *in situ* and in culture[@cit0032] and by carcinoma-associated fibroblasts in non-small cell lung tumor.[@cit0011] Furthermore, we clearly demonstrate that PD-L1 expression on γ-FF was selectively upregulated by IFNγ as reported on murine MSCs,[@cit0046] human bone marrow-derived MSCs,[@cit0012] human carcinoma-associated fibroblasts in non-small-cell lung tumor,[@cit0011] and placenta-derived MSCs,[@cit0047] while PD-L2 expression and PD1-Fc binding was mainly increased in presence of IFNγ, TNFα or IL-1α, as well as in combinations. These observations are in agreement with previous studies showing that PD-L1 expression can be upregulated by both type I and type II interferons[@cit0023] but also induced by intrinsic signals such as activation of EGFR[@cit0049] and KRas[@cit0050] signaling pathways, while PD-L2 expression was reported to be potently upregulated on non-hematopoietic cells by IFNγ and TNFα.[@cit0051] It is currently accepted that PD-1 ligands are upregulated by a variety of hematopoietic and non-hematopoietic cells in the presence of strong inflammatory signals presumably to prevent collateral damage induced by potentially destructive Th1/Th17 T cell responses.[@cit0012]

The expression of PD-L1 and PD-L2 of γ-FFs on the outcome of their interactions with PD-1^+^ effector T cells was demonstrated by the binding of PD-1-Fc that was potently blocked by anti-PD-L2 mAb alone compared to anti-PD-L1 mAb alone although both mAbs were required to completely abrogate the binding of PD-1-Fc protein. Our observation is also in agreement with a previous study[@cit0037] demonstrating by surface plasmon resonance and cell surface binding[@cit0037] that, although both PD-1 ligands cross-compete to bind to their receptor PD-1, PD-L1 binding to PD-1 involves complex conformational changes while PD-L2 interacts in a direct manner with PD-1, revealing distinct molecular mechanisms of interaction between PD-1 and its ligands.[@cit0028] Furthermore, the relative affinity of PD-L2 for PD-1 is 2--6-fold higher than that of PD-L1.[@cit0029] PD-L2 expressed at the same level of PD-L1 would be expected to outcompete PD-L1 for the binding of PD-1. Nevertheless, PD-L1 remains the primary binding ligand of PD-1 by the fact that PD-L2 is generally expressed at lower basal levels.[@cit0012] While PD-L1 is considered as the dominant negative inhibitory molecule, in our study PD-L2 on infant γ-FFs appeared as a critical suppressive molecule in the binding to PD-1 receptor. Indeed, the blockade of both ligands is required for optimal restoration of the mitogen-activated CD8^+^ T cell proliferation instead of the single blockade of either PD-L1 or PD-L2 (data not shown).

We demonstrated that γ-FFs inhibited PHA-stimulated T cell proliferation through induction of apoptosis, and that blocking both PD-L1 and PD-L2 significantly reduced early apoptosis of PHA-activated T cells and consequently abrogate inhibition of T cell activation and proliferation. This finding complements previous observation (i) from Curiel et al.[@cit0056] showing that, in human ovarian carcinoma, blockade of PD-L1 on differentiated myeloid DCs (MDCs) improves T cell activation by upregulation of MDC IL-12 and downregulation of IL-10 and (ii) from Nazareth et al.[@cit0011] showing that, in human non-small-cell lung cancer, blockade of PD-L1 and/or PD-L2 on tumor-associated fibroblasts reverse the suppressed tumor-associated T cell activation. Many reports have shown that PD-1 engagement inhibits T cell activation and suppresses immune response by inducing apoptosis, anergy, unresponsiveness, and functional exhaustion of T cells.[@cit0012] Previous reports emphasize the role of PD-1 on either cell cycle arrest[@cit0027] or T cell death[@cit0053] PD-1 might directly engage a death pathway or indirectly by downregulating survival signals and growth factors or synergizing with death pathways. PD-1 ligation inhibits expression of the cell survival gene *bcl*-*xL* and several growth factors.[@cit0013] The outcome of PD-1/PD-L1 interactions on T cell expansion and survival might also depend on the type of APCs that interact with the T cells. Indeed, in absence of CD28 ligation (γ-FFs are CD80/86^−^), the engagement of PD-1 may preferentially favor activation-induced cell death as previously suggested for the PD-L1^+^ HepG2.2.15 cell line, promoting CD8^+^ T cell apoptosis.[@cit0057]

Because activated and *in vitro* cultured fibroblasts/MSCs are reported to produce important levels of TGFβ1--3,[@cit0058] IL-10,[@cit0059] Prostaglandin E2,[@cit0061] and IDO,[@cit0006] we do not exclude that the interaction between γ-FFs and PHA-activated T cells may trigger release of these suppressive molecules by fibroblasts and these, in turn, may contribute to inhibit T cell proliferation.

Although most studies agree that soluble factors are involved in inhibition by MSCs, controversial results render these molecular mechanisms rather elusive in experiments involving fibroblasts.[@cit0006] Furthermore, in contrast to MSCs, γ-FFs did not express Fas Ligand (data not shown) and would not be capable to induce early apoptosis of activated T cells through Fas/Fas ligand interactions.[@cit0045] In contrast to normal PD-L1^+/^PD-L2^+^ human colonic myofibroblasts and fibroblasts, our results did not support the notion that PD-L1/-L2-mediated suppressive functions are due to inhibition of IL-2 production.[@cit0032]

Furthermore, our work proved that PD-L1 and PD-L2 are spontaneously expressed by FFs and are lost as a function of culture-time and cell-seeding density. ddPCR data showed no evidence of alterations at the transcriptional level of the molecules. For the first time, to our knowledge, we demonstrated proteolytic cleavage of PD-L1 and PD-L2 occurring through the release of MMPs by the γ-FFs. Consequently, the loss of extracellular PD-1-binding domain leads to the loss of γ-FFs-mediated T cell apoptosis. Using (i) different purified enzymatic activities *e.g.* collagenase, Dispase II®, and Thermolysin, (ii) a specific MMP-13 inhibitor and MMP inhibitors with broader specificities, and (iii) recombinant exogenous MMP-9 and MMP-13, we demonstrated that while PD-L1 was selectively cleaved by MMP-13, PD-L2 was sensitive to a broad range of MMP activities. MMP-13 shares additional enzymatic activity with both MMP-subgroups of collagenases and gelatinases and was also described as a protease able to cleave certain chemokines (MCP-3/CCL7, SDF-1/CXCL12), collagen IV, and to activate pro-MMP-2, pro-MMP-9, and pro-MMP-13.[@cit0063] As previously reported, MMP-13 can be produced by skin fibroblasts and breast-cancer-cell-associated myofibroblasts.[@cit0064] Our hypothesis of γ-FFs as a source of MMP-13 was substantiated by *in vitro* experiments showing MMP-13 release in γ-FFs treated or not with TNFα although γ-FFs were less efficient than γ-CAFs in MMP-9 and MMP-13 secretion. Finally, we clearly showed evidence that cleavage activity by exogenous MMP-13 not only led to a partial loss of PD-L1 and PD-L2 expression but also to a loss of the extracellular PD-1 binding domain that was found linked to the reversal of early apoptosis of PHA-activated T cells. We showed that such MMP-13 cleavage may also concern the PD-1 binding domain present on other hematopoietic cells such as MDC populations. Incidentally, we provide evidence of proteolytic sensitivity of both PD-1 ligands to enzymes used to disrupt basal membranes and dissociate multiple epithelial solid tissues, indicating potential issues with cell surface staining performed following enzymatic tissue disruption.

Studies have described soluble form of PD-L1 (sPD-L1) in culture supernatant and plasma of patients, levels of which correlate with that of cell membrane expression.[@cit0065] Although binding of sPD-L1 to PD-1 has been reported,[@cit0065] based on the fact that only the dimeric form of the recombinant sPD-L1 (PD-L1-Fc fusion protein) activates signaling through PD-1,[@cit0066] it is likely that the cleaved form of PD-L1 would function as a PD-1 antagonist. It is worth mentioning that soluble PD-L2 was also described through splice variants, although the biological function of these soluble PD-L2 forms remain unknown.[@cit0044]

The substrates that can be cleaved by proteinases (MMPs and A Disintegrin And Metalloproteinases (ADAMs)) are proven to be essential for proper immune-cell function.[@cit0044] MMPs are extracellular zinc-dependent neutral endopeptidases[@cit0063] that have many different substrates, and besides ECM structures, they activate and alter bioactive state of cytokines, chemokines, growth factors, and also affect cell surface receptors, release soluble forms of co-regulatory molecules that may impact immunity. MMPs and ADAMs may serve as activators or inhibitors of immune mediators through several type of proteolytic processing including (i) clipping/cleavage of low-molecular weight chemokine MMPs[@cit0069] and (ii) shedding which releases an intact ectodomain of the target cell-surface molecule *e.g.*, shedding of the cell-membrane form of TNF[@cit0072] and IL-6R by ADAM17; shedding of CD23 or FcϵRII by ADAM10.[@cit0073]

Shedding of ligands of the B7 family can occur, producing soluble forms that might act as antagonists of the immune response.[@cit0074] Similarly, soluble active B7-H3 forms can be released by monocytes, DCs, activated T cells, and B7-H3^+^ carcinoma cells were found able to bind to the B7-H3 receptor on activated T cells, indicating that soluble B7-H3 forms retain biological activity. Although B7-H3 shedding was blocked by a synthetic MMP inhibitor (GM6001), the identity of the specific enzyme(s) is not yet known.[@cit0075] Similarly to our observation, Schlecker et al.[@cit0077] identified ectodomain shedding of B7-H6 by ADAM-10 and ADAM-17 as a novel mechanism of immune escape by tumor cells. Shedding of B7-H6, a ligand for the activating receptor NKp30 abrogates NK-cell activation and consequently NK-cell-mediated killing.[@cit0077] Functions of PD-L1/CD80 pathway reside in its complexity of ligand-receptor interactions *e.g.* PD-L1 binds both PD-1 and CD80, while CD80 interacts with CD28 and CTLA-4 in addition to PD-L1. Selectively, specific attenuation of PD-L1/PD-L2 expression compared to no alteration of the CD80/CD86 tandem through MMP-13 proteolytic cleavage might result in the loss of most of these multiple receptor interactions. Thus, deletion of bidirectional coinhibitory signals to T cells might lead to (i) induction and maintenance of T-cell exhaustion (abrogation of PD-L1/PD-1 interaction) and/or (ii) prevention and reversion of T cell anergy (abrogation of PD-L1/CD80 interaction).[@cit0078]

In our study, we suggest that MMP-9/MMP-13 would not have a simplistic role in the degradation of matrix and non-matrix components that would facilitate evasion and migration of cells but would also regulate T cell response by cleavage/shedding of negative regulation molecules implicated in T cell apoptosis. However, although we did not deeply investigate which mechanism, either cleavage or shedding, occurs through MMP-9/MMP-13 proteolysis of membrane-bound PD-L1 and PD-L2 molecules.

The dominant role of PD-1 pathway is to limit the activity of T cells in inflamed peripheral tissues at the time of infection in order to limit tissue damage and risk of autoimmunity.[@cit0012] Indeed, PD-1 pathway is believed not to regulate the initial T cell activation stage but rather to control effector T cell activation at the inflammatory site preventing attack of peripheral tissues. While chronic antigen exposure can lead to high levels of persistent PD-1 expression on effector T cells, inflammatory signals in tissues induce PD-1 ligand expression on a variety of cells that down regulate the activity of PD-1^+^ T cells and thus limit collateral tissue damage. Consequently, blockade or elimination of PD-1 ligands leads to exacerbated inflammation associated with severe tissue damage and increase of the magnitude of T cell response and potentially detrimental tissue destruction. In tumor microenvironment, cancer cells develop resistance mechanisms, including local immune suppression, induction of tolerance, and systemic dysfunction in T cell signaling driving T cells to differentiate into exhausted T cells. Exhausted CD8^+^ T cells express high levels of inhibitory receptors, including PD-1 as the major inhibitory receptor, produce less effector cytokines, and lose the ability to eliminate cancer. Considered as defective memory T cells, the final stage of T-cell exhaustion is the physical deletion by which severely exhausted T cells are cleared in cancer microenvironment mainly through PD-L1-associated T-cell apoptosis. PD-L1 expression inversely correlates with survival of exhausted T cell.[@cit0078]. In complex tumor microenvironment, MMPs (MMP-1, MMP-2, MMP-3, MMP-7, MMP-9, MMP-13, and MMP-14) expressed by both tumor cells and stromal cells are known to cooperate and promote tumor initiation, tumor invasion, metastasis, and angiogenesis.[@cit0063] MMP-13 was originally cloned from a human breast tumor cDNA library.[@cit0082] Our data depict MMPs as regulators of survival of exhausted T cells. MMP-mediated loss of PD-1-ligand expression on stromal cells would prevent blockade of PD-L1/PD-1 signaling pathway and increase the magnitude of these defective exhausted memory CD8^+^ T cell response.

Furthermore, in light of the potent therapeutic activity of anti-PD-1 and anti-PD-L1 monoclonal antibodies in several incurable cancer pathologies,[@cit0017] these observations represent a novel dimension that would need to be integrated to define prognostic markers of responses to these immunotherapies.

Materials and Methods {#s0004}
=====================

Antibodies and reagents {#s0004-0001}
-----------------------

D-MEM (1X) medium with GlutaMAX™, 4.5 g/L of D-Glucose, and Pyruvate; D-MEM/F-12 (1:1) (1X) with GlutaMAX™; RPMI Medium 1640 with GlutaMAX™ and 25 mM Hepes; 0.05% Trypsine:EDTA; 10 mg/mL Gentamicin; 10,000 U/mL Penicillin, 10,000 µg/mL Streptomycin; HBSS (1X) solution w/o Ca^2+^, w/o Mg^2+^; Hepes (1M) were obtained from Gibco® by Life technologies™. Foetal calf serum (FCS) was obtained from Eurobio Abcys®. Bovine Serum Albumin (BSA) (30% in D-PBS); NaCl; CaCl~2~, 2H~2~O and paraformaldehyde were obtained from Sigma-Aldrich®.

Recombinant human (rh) IL-2, rhIL-7, rhIFNγ, rhIL-1alpha, rhIL-4, rhTGF-beta1, and rhIL-17A were from PeproTech™. RhTNF-α was from Miltenyi™. RhPD-1-Fc chimera, pro-form of rhMMP-9, pro-form of rhMMP-13, and GM-CSF were from R&D Systems™. LEAF™ (Low Endotoxin, Azide-Free) purified anti-human CD274 (B7-H1, PD-L1), clone 29E.2A3, mouse IgG2b,κ, and LEAF™ purified anti-human CD273 (B7-DC, PD-L2), clone 24F.10C12, mouse IgG2a,κ were obtained from BioLegend. Lymphocyte separation medium was obtained from Eurobio AbCys and Percoll™PLUS was from GE Healthcare-Sweden. MMP inhibitors: CL82198, actinonin, SB3CT, NNGH, Z-Pro-Leu-Gly-NHOH, and GM6001 were from Enzo Life Science. CL82198 is a novel selective inhibitor of MMP-13 (89% inhibition) that binds to the S1′ pocket of MMP-13. CL82198 does not inhibit MMP-1, -2, -3, -7, -8, -9, -10, -12, -14, or ADAM-17/TACE. Actinonin is an inhibitor of MMP-1, -2, -3, -7, -8, -9, -10, -12. Actinonin would also inhibit MMP-13 but not MMP-14. SB3CT is a competitive inhibitor of MMP-2 and MMP-9 but a weak inhibitor of MMP-1, -3, -7 and ADAM-17/TACE. GM-6001 is a potent broad-spectrum inhibitor of MMPs: MMP-1, -2, -3, -7, -8, -9, -12, -14, -26 and would also inhibits MMP-10, -13, -15, -17, -20, -21, ADAM-17, -19 and others ADAMs. NNGH is a potent inhibitor of MMP3 but would also inhibit MMP-1, -2, -7, -8, -9, -10, -12, -13, -14. Z-Pro-Leu-Gly-NHOH is an inhibitor of collagenases, MMP-2, and MMP-9. Lectin from *Phaseolus vulgaris* (red kidney bean) and leucoagglutinin, PHA-L and *Escherichia Coli* lipopolysaccharide (LPS) were from Sigma-Aldrich®. Chromatographically purified collagenase (code CLSPA) ≥ 300 units per mg activity, was obtained from Worthington Biochemical Corporation by Serlabo Technologies. Dispase II®, neutral protease grade II (0.98U/mg) from *Bacillus polymyx* was from Roche Diagnostics and Thermolysin (≈40 U/mg) from *Bacillus thermoproteolyticus rokko* was from Fluka. DMSO and Bafilomycin A1 were used and provided by Sigma Aldrich®. 5-dodecanoylaminofluorescein di-β-D-galactopyranoside (C~12~FDG) was provided by Life technologies™. For activation of pro-forms of MMP-9 and MMP-13, p-AminoPhenylMercuric Acetate (APMA) was used and provided by Sigma Aldrich®.

Flow cytometry reagents and antibodies {#s0004-0002}
--------------------------------------

The viable γ-irradiated and non-irradiated FFs and the viable T cells were determined by blue-fluorescent DAPI exclusion staining (Molecular Probes® of Life Technologies).

For phenotype determination of human FFs, the following mouse antibodies were used: phycoerythrin (PE)-conjugated anti-CD10 (Beckman-Coulter, IO-test®, clone ALB1, IgG~1~), anti-CD34 (BD PharMingen™, clone TY/23, IgG~1~), anti-CD45 (Beckman Coulter, clone J33, IgG~1~), anti-CD73 (BD PharMingen™, clone 581, IgG~1~), anti-CD80 (Beckman-Coulter, IO-test®, clone MAB104, IgG~1~), anti-CD86 (Beckman-Coulter, IO-test®, clone HA5.2B7, IgG~2b~), anti-CD90 (BioLegend, clone 5E10, IgG~1~), anti-CD105 (BD PharMingen™, clone 266, IgG~1~), anti-CD146 (BD PharMingen™, clone P1H12, IgG~1~), anti-MASC-1 (Miltenyi™, clone W8-B2, IgG~1~), anti-CD273 (B7-DC or PD-L2, eBioscience™, clone MIH18, IgG~1~), anti-CD274 (B7-H1 or PD-L1, eBioscience™, clone MIH1, IgG~1~), anti-HLA--ABC (BD PharMingen™, clone G46--2.6, IgG~1~), anti-HLA-DR (BD PharMingen™, clone G46--6, IgG~2a~). Phycoerythrin (PE)-conjugated polyclonal goat anti-human IgG (Fc gamma-specific)(eBioscience™).

For cell count determination of CD3^+^ T cells after suppressive experiment of T cell proliferation stimulated by PHA-L, the following mouse antibodies were used: PE-conjugated anti-CD4 (BD Bioscience, clone SK3, IgG~1~) and APC-conjugated anti-CD8 (Beckman Coulter, clone B9.11, IgG~1~).

For Annexin V binding assay and cell count determination of CD3^+^ T cells, the following reagents and antibodies were used: Annexin V-PE (BD PharMingen™), PerCP-Cy5.5-conjugated anti-CD4 (BD PharMingen™, clone RPA-T4, IgG~1~), and APC-conjugated anti-CD8 (Beckman Coulter, clone B9.11, IgG~1~).

The following color- and isotype-matched control antibodies were used to confirm the staining specificities: PE-conjugated mouse IgG~1~ (BD BioScience, clone X40), PE-conjugated mouse IgG~2a~ (BD BioScience, clone X39), APC-conjugated mouse IgG~1κ~ (BD PharMingen, clone MOPC-21), PerCP-Cy5.5-conjugated mouse IgG~1~ (BD BioScience, clone X40).

Infant foreskin fibroblast cultures, carcinoma-associated fibroblasts and flow cytometry analysis {#s0004-0003}
-------------------------------------------------------------------------------------------------

The infant FFs (14 donors with a range of ages from 18 months to 5 years) were provided by "*Banque de tissus et cellules des Hospices Civils de Lyon*." Fibroblasts were expanded up to 3--5 passages in D-MEM medium supplemented with 10% FCS, 20 µg/mL Gentamicin, 100 U/mL Penicillin, and 100 µg/mL Streptomycin (cD-MEM medium). All FFs came from surgical residues and were used in accordance with French ethical and legal regulations. Fresh tumors from patients diagnosed with primary breast carcinoma were obtained before any treatment from the Center Léon Bérard (CLB) tissue bank after patient informed consent. The study was reviewed and approved by the Institutional Review Board of CLB. After washing with D-MEM/F-12 medium supplemented with antibiotics, the connective tissue was cut into small pieces (1 mm × 1 mm × 1 mm) that were let stick onto the bottom surface of Petri dishes for 20--30 min, then the tissue pieces were gently covered with culture medium (D-MEM/F-12 supplemented with 10% FCS, 20 µg/mL Gentamicin, 100 U/mL Penicillin, and 100 µg/mL Streptomycin (cD-MEM/F-12 medium) and incubated at 37°C, in a 5% CO~2~ incubator. The culture medium, cD-MEM/F-12 medium, was changed every 3--4 d. When the spindle-shaped fibroblasts/myofibroblasts (Carcinoma-Associated Fibroblasts, CAFs) fully covered the Petri dishes, cells were gathered through trypsinization and expanded up to 2--3 passages. Irradiation of FFs and CAFs was performed at 30 Gray (Gy) and both fibroblast populations were subsequently cryopreserved at -80°C in a solution containing 10% DMSO and 90% FCS at a concentration of 1--3 × 10^6^ cells/mL. γ-CAFs were seeded in cD-MEM/F-12 medium for phenotype determination and co-cultures with T cells. For phenotype determination, γ-FFs were seeded in cD-MEM medium at different concentrations (from 7 × 10^3^/cm^2^ to 140 × 10^3^/cm^2^) and for different time points (1 d, 4 d, and 14 d, without changing the medium) depending on the experiment conditions. Fibroblasts were trypsinized and then assayed by flow cytometry. Fibroblasts were resuspended in the labeling buffer (HBSS solution supplemented with 5% FCS, and 10 mM Hepes) (50,000 fibroblasts/50 µL) and further incubated for 20 min on ice with isotypic control or specific PE-conjugated monoclonal antibodies: anti-CD34, anti-CD45, anti-CD73, anti-CD90, anti-CD105, anti-CD146, anti-MASC-1, anti-CD273, anti-CD274, anti-HLA--ABC, and anti-HLA--DR. Then fibroblasts were washed and resuspended in 300 µL of labeling buffer containing 2 µg/mL DAPI and then further analyzed by flow cytometry. For binding of PD-1-Fc fusion protein, fibroblasts were pre-incubated with 5 µg/mL PD-1-Fc fusion protein on ice for 20 min, then washed and incubated with PE-conjugated goat anti-human IgG (Fc gamma-specific) on ice for 20 min. Then labeled fibroblasts were resuspended in 300 µL of labeling buffer containing 2 µg/mL DAPI and further analyzed by flow cytometry. At least 30,000 total events were acquired by Cyan™ ADP (Beckman Coulter) and analyzed on FlowJo™ software (version 7.5.5.).

For blocking experiments, an incubation step, in presence of anti-PD-L2 mAb in a concentration range between 10 and 50 µg/mL in a PD-L1 mAb solution (50 µg/mL) was performed on ice for 20 min before PD-1-Fc fusion protein binding.

For cleaving experiments by exogenous enzymes (collagenase (CLSPA), Dispase II® and, Thermolysin), γ-FFs were seeded in cDMEM medium at the concentration of 7 × 10^3^/cm^2^ for 1 d, then were trypsinized and resuspended in DMEM medium without FCS and in presence of different concentrations of exogenous enzymes (CLSPA, concentration range from 500 U to 1,000 U/mL, Dispase II®, concentration range from 0.25 U to 2 U/mL, and Thermolysin, concentration range from 50 to 200 µg/mL) at 37°C for 1h. Then γ-FFs were washed and resuspended in the labeling buffer (HBSS solution supplemented with 5% FCS, and 10 mM Hepes) for CD273 and CD274 expression and PD-1-Fc binding as mentioned above and further analyzed by flow cytometry.

For incubating γ-FFs with MMP inhibitors, γ-FFs were seeded at a concentration of 35 × 10^3^ cells/cm^2^ in P6 plates in cDMEM medium then were incubated on day 1 in presence or not of six MMP inhibitors tested at two concentrations (10 and 12 µg/mL CL82198, 0.5 and 1 µg/mL actinonin, 2 and 5 µM SB3CT, 10 and 20 µM NNGH, 10 and 20 µM Z-Pro-Leu-Gly-NHOH, 5 and 10 µM GM6001) and maintained in culture for 4 d at 37°C without medium change. Then γ-FFs were trypsinized on day 1 (control) and on day 4 (γ-FFs cultured in presence or not of MMP inhibitors) and resuspended in the labeling buffer (HBSS solution supplemented with 5% FCS, and 10 mM Hepes) for CD273, CD274 expression analysis by flow cytometry. The PD-L1/PD-L2 expression recovery (%) was expressed as following.

Ratio (%) = difference between the percentage of PD-1 ligand-positive cells incubated in presence of MMP inhibitors on day 4 and the percentage of PD-1 ligand-positive cells in absence of MMP inhibitors on day 4 ÷ difference between the percentage of PD-1 ligand-positive cells in absence of MMP inhibitors on day 1 and the percentage of PD-1 ligand-positive cells in absence of MMP inhibitors on day 4 × 100.

For cleaving experiments by recombinant human MMP-9 and MMP-13, the proforms of recombinant human MMPs were activated in TCNB (100 mM Tris, 10 mM CaCl~2~, 150 mM NaCl, 0.05% (w/v) Brij-35, pH 8.0) in presence of p-aminophenylmercuric acetate (final concentration 0.5 mM APMA), at 37°C and 4 h for the pro-form of MMP-13 and 24 h for the pro-form of MMP-9. For cleaving experiments in suspension, γ-FFs were seeded in cDMEM medium at the concentration of 7 × 10^3^/cm^2^ for 2 d in presence of 100 ng/mL TNFα, then were trypsinized and fixed with 2% paraformaldehyde (PFA) in PBS (1X) for 15 min, washed for 30 min in PBS, and incubated at 37°C in presence of APMA-activated MMP-9 (200 ng/mL) and APMA-activated MMP-13 (200ng/mL) in 1% FCS culture medium (DMEM) without antibiotics. γ-FFs were then washed and resuspended in the labeling buffer (HBSS solution supplemented with 5% FCS, and 10 mM Hepes) for CD273 and CD274 expression and PD-1-Fc binding as mentioned above and further analyzed by flow cytometry.

For cleaving experiments in 96-well plates (half area), γ-FFs were seeded in cDMEM medium in triplicate at a concentration of 2,500 and 5,000 cells/well for 2 d, then washed with 1% FCS culture medium without antibiotics and incubated at 37°C for 24 h, in presence or not of APMA-activated MMP-9 (200 ng/mL) and APMA-activated MMP-13 (200 ng/mL). γ-FFs were then washed and processed for experimental procedure of the Annexin V-binding assay on T cells (as described below).

Monocyte-derived dendritic cell generation and incubation with collagenase, Dispase II®, Thermolysin, MMP-9, and MMP-13 {#s0004-0004}
-----------------------------------------------------------------------------------------------------------------------

Mo-DCs were *in vitro* generated from purified blood monocytes in presence of GM-CSF (50 ng/mL) + IL-4 (50 ng/mL) for 6 d then, activated or not for 1 additional day with *Escherichia Coli* lipopolysaccharide (100 ng/mL LPS). Mo-DCs were fixed with 2% PFA and resuspended in cRPMI1640 medium (RPMI Medium 1640, GlutaMAX™, 25 mM Hepes supplemented with 10% FCS, 20 µg/mL Gentamicin, 100 U/mL Penicillin, and 100 µg/mL Streptomycin).

For cleaving experiments by exogenous enzymes (collagenase (CLSPA), Dispase II® and, Thermolysin), Mo-DCs were resuspended in RPMI1640 medium without FCS and in presence of different concentrations of exogenous enzymes (CLSPA, concentration range from 500 U to 1,000 U/mL, Dispase II®, concentration range from 0.25 U to 1 U/mL, and Thermolysin, concentration range from 50 to 200 µg/mL) at 37°C for 1h. Then, Mo-DCs were washed and resuspended in the labeling buffer (HBSS solution supplemented with 5% FCS, and 10 mM Hepes) for CD80, CD86, CD273, and CD274 expression and PD-1-Fc binding and further analyzed by flow cytometry. For cleaving experiments by recombinant human MMP-9 and MMP-13, the protocol was similar to that followed for γ-FFs. Briefly, PFA-pre-fixed Mo-DCs were resuspended in RPMI1640 supplemented with 1% FCS in presence or not of APMA-activated MMP-9 and APMA-activated MMP-13 at 37°C for 24 h. Then, Mo-DCs were labeled for CD80, CD86, CD273 and CD274 expression and PD-1-Fc binding, and further analyzed by flow cytometry.

Quantitation of MMP secretion by infant foreskin fibroblast cultures and carcinoma-associated fibroblasts {#s0004-0005}
---------------------------------------------------------------------------------------------------------

Quantitative determination of MMP-1, MMP-9, and MMP-13 released by γ-FFs and γ-CAFs were performed by Magnetic Luminex® Performance assay (R&D Systems). γ-FFs and γ-CAFs were plated for 4 h in D-MEM supplemented with 10% FCS and D-MEM/F-12:1/1 supplemented with 10% FCS, respectively at 37°C in a 5% CO~2~ incubator. γ-FFs were incubated for 2 h at 37°C in presence of 100 ng/mL TNFα in D-MEM supplemented with 1% FCS without antibiotics while γ-CAFs were directly incubated in D-MEM/F-12:1/1 supplemented with 1% FCS without antibiotics. Both γ-FFs and γ-CAFs were maintained for 5 d in their respective medium supplemented with 1% FCS (without any medium change). Supernatants (duplicate) were analyzed with a Magnetic Luminex® Performance Assay multiplex kit including human MMP-1, MMP-9, and MMP-13. Data were acquired on Bio-Plex™ 200 System (Bio-Rad Laboratories) and analyzed on Bio-Plex Manager (version 6.1).

Detection of senescence-associated β-galactosidase (SA-βgal) activity in 30 Gray-irradiated infant foreskin fibroblasts {#s0004-0006}
-----------------------------------------------------------------------------------------------------------------------

The detection of individual senescent cells was based on the alkalinization of lysosomes, followed by the use of 5-dodecanoylaminofluorescein di-β-D-galactopyranoside (C~12~FDG), a fluorogenic substrate for βgal activity.[@cit0040] Under similar seeding cell density (13 × 10^3^/cm^2^) γ-FFs were maintained in culture for 1, 4, and 14 d. Positive control (induction of lysosomal alkalinization) was performed by treatment of plated γ-FFs with 100 nM bafilomycin A1 for 1 h at 37°C in a 5% CO~2~ incubator. γ-FFs and bafilomycin A1-treated γ-FFs were treated (Samples and Positive controls, respectively) or not (Negative controls) with 2 mM C~12~FDG for 1--2 h at 37°C in a 5% CO~2~ incubator. After washing with PBS (1X), the cells were harvested by trypsinization and then, resuspended in 300 µL of PBS (1X) containing 2 µg/mL DAPI and further analyzed by flow cytometry. Events were acquired by Cyan™ ADP (Beckman Coulter) and analyzed on FlowJo™ software (version 7.5.5.).

RNA extraction and droplet digital PCR quantitation of PD-L1, PD-L2 and CD10 in 30 Gray-irradiated infant foreskin fibroblasts {#s0004-0007}
------------------------------------------------------------------------------------------------------------------------------

Under similar seeding cell density (13 × 10^3^/cm^2^) γ-FFs were maintained in culture for 1, 4, and 14 d and then, harvested by trypsinization. Total RNA was extracted from cell pellets using a single phenol/chloroform extraction protocol with TRIzol® Reagent (Ambion, Life technologies™) according to the manufacturer\'s instructions. The cDNA was generated using the SuperScript® VILO™ cDNA Synthesis kit (Invitrogen, Life technologies™) with 7 ng of total RNA according to the manufacturer\'s instructions. The primers and probes were designed using Primer Express® Software v3.0 ([Table 1](#t0001){ref-type="table"}). For PD-L1, an amplicon of 54 bp was designed in the common region of the immunoglobulin variable domain (IgV)-like domain of PD-L1, and for PD-L2, an amplicon was designed in a common sequence present in the two forms of PD-L2. The ddPCR workflow was carried out as previously described.[@cit0083] Briefly, the PCR reaction mixture was assembled with 10 µL of a 2x ddPCR™ Supermix for Probes (No dUTP) (Bio-Rad Technologies), 1 µL of each primer (900 nM final concentration) ([Table 1](#t0001){ref-type="table"}), 1 µL of probe (250 nM final concentration) ([Table 1](#t0001){ref-type="table"}), 1 µL of cDNA and 7 µL of water. The droplet was generated by the addition of 70 µL of droplet generation oil (Bio-Rad Technologies), to 20 µL of the PCR reaction mixture in the droplet generator cartridge (DG8™, Bio-Rad Technologies), and the emulsified samples were generated from a droplet generator. Droplets were then thermocycled at 95°C for 10 min, followed by 40 cycles of 95°C for 30 s, 60°C for 1 min, and a final extension for 10 min at 98°C. After PCR, the 96-well PCR plate was loaded on the Bio-Rad QX200™ Droplet Reader (Bio-Rad Technologies). Analysis of the ddPCR data was performed with QuantaSoft™ analysis software (Bio-Rad Technologies). The ddPCR data were analyzed when more than 15,000 droplets/well were read. GAPDH was used as the reference gene both in Reverse Transcription validation and ddPCR data normalization. All transcript concentrations are given in copy number/μL. Table 1.Primer sets and probes used for droplet digital PCR study. All primers and probes were designed by Primer Express® Software v3.0.CD10-fForward primerCTACGGCTAAACCTGAAGATCGACD10-rReverse primerTCTGGGCCAATGTCATCTTGCD10ProbeVIC-ATGATCCAATGCTTCTG-MGBPD-L1-fForward primerAAAGAATTTTGGTTGTGGATCCAPD-L1-rReverse primerAGCCCTCAGCCTGACATGTCPD-L1Probe6FAM-TCACCTCTGAACATGAAC-MGBPD-L2-fForward primerAGTTTGCAAAAGGTGGAAAATGAPD-L2-rReverse primerTCCTCCAGCAAAGTGGCTCTTPD-L2Probe6FAM-ACATCCCCACACCGTG-MGB

Human CD3^+^ T cell isolation {#s0004-0008}
-----------------------------

Healthy human blood obtained anonymously from the "*Etablissement Francais du Sang, EFS*" (Gerland-Lyon, France) after donor informed consent was collected in sterile bags containing CTAD. Peripheral blood mononuclear cells (PBMC) were isolated by gradient centrifugation on lymphocyte separation medium (density 1.077g/L). Cells were washed twice in phosphate-buffered saline (PBS) (1X) and suspended in PBS (1X) supplemented with 5% FCS. PBMC were depleted from monocytes, NK cells, MDCs and plasmacytoid DCs (pDCs) by gradient centrifugation on Percoll®Plus and resuspended in PBS (1X) supplemented with 2% FCS. For depletion experiments, different cell subsets (monocytes, MDCs, pDCs, NK cells, and B cells) were specifically depleted from PBMCs using positive selection including anti-human mouse mAbs: anti-CD11b (clone Bear1, IgG~1κ~), anti-CD14 (clone RM052, IgG~2aκ~), anti-CD16 (clone 3G8, IgG~1~), anti-CD19 (clone J3--119, IgG~1~), anti-CD35 (clone J3D3, IgG~1κ~), anti-CD56 (clone C218, IgG~1κ~) and anti-CD235a (clone 11E4B-7--6, IgG~1~) from Beckman Coulter® and magnetic beads (goat anti-mouse (GAM) IgG dynabeads, Dynal® by Invitrogen). The absence of remaining positive cells in the depleted fraction was confirmed by flow cytometry. The depleted fraction of untouched double CD3^+^/CD4^+^ T cells:CD3^+^/CD8^+^ T cells (purity 95--98%) was resuspended in complete RPMI Medium 1640 with GlutaMAX™ and 25 mM Hepes supplemented with 10% FCS, 20 µg/mL Gentamicin, 100 U/mL Penicillin, and 100 µg/mL Streptomycin (cRPMI medium). CD3^+^ T cells were subsequently cryopreserved in liquid nitrogen (−196°C) in a solution containing 10% DMSO and 90% FCS at a concentration of 50--60 × 10^6^ cells/mL.

Co-culture of CFSE-stained CD3^+^ T cells on 30 Gy-irradiated infant foreskin fibroblasts {#s0004-0009}
-----------------------------------------------------------------------------------------

Cryopreserved γ-FFs were thawed and then seeded in 96-well black plates (half area, Greiner bio-one® provided by Dominique Dutscher) in triplicate at a concentration of 1,250 or 2,500 or 5,000 cells/well, 1 day prior their incubation with or without 100 ng/mL TNFα + 100 ng/mL IL-1α or 100 ng/mL IFNγ + 100 ng/mL TNFα + 100 ng/mL IL-1α. The γ-FFs were cultured for 48 h and washed twice before addition of CFSE-stained T cells.

T cell proliferation was measured using CFSE dilution assay and immunophenotyped (CD4^+^ and CD8^+^ phenotype) by T cell counting. Cryopreserved CD3^+^ T cells were thawed, washed twice in cold PBS (1X) and resuspended at 5 × 10^6^ total cells/mL in PBS (1X) with 0.1% Bovine Serum Albumin (BSA). CFSE was added at a final concentration of 1 µM and incubated at RT for 10 min. Staining was then quenched by the addition of at least two volumes of FCS. T cells were washed three times and then resuspended at 1 × 10^6^ T cells/mL in cRPMI supplemented with 50 U/mL IL-2 and 5 ng/mL IL-7. One hundred thousand CFSE-stained T cells were added to wells seeded or not with γ-FFs which were stimulated or not with cytokines and incubated at 37°C in a 5% CO~2~ incubator. After 4 h of co-culture between γ-FFs and T cells, 0.5 µg/mL of PHA-L was added or not to each well. Then, plates were incubated at 37°C in a 5% CO~2~ incubator for 7 d CFSE-stained cells were harvested, immunophenotyped with PE-conjugated anti-CD4 mAb and APC-conjugated anti-CD8 mAb on ice for 20 min. Then, T cells were washed, resuspended in 300 µL of labeling buffer containing 0.6 µg DAPI and then further analyzed by flow cytometry. For T cell count determination, 20,000 inert polystyrene beads (size 15µm, PolyScience™) were added. At least 15,000 bead events were acquired by Cyan™ ADP (Beckman Coulter). Data were analyzed on FlowJo™ software (version 7.5.5.).

In blocking experiments, cryopreserved γ-FFs were thawed and were then seeded in 96-well black plates (half area) in triplicate at a concentration of 2,500 or 5,000 cells/well, then incubated with or without 100 µg/mL TNFα for 48 h. Four hours prior the addition of 1-day cultured T cells, γ-FFs stimulated or not with TNFα were incubated either with a mixed PD-L1 mAb (clone 29E23A3)/PD-L2 mAb (clone 24F10C12) solution or with a mixed mouse IgG~2a~/IgG~2b~ solution at the concentration of 50 µg/mL. Then, 100,000 T cells were added and incubated for 4 h with γ-FFs treated or not with TNFα. Then, 0.5 µg/mL of PHA-L was added or not to each well. Plates were further incubated at 37°C in a 5% CO~2~ incubator for 7 d. T cells were harvested from each well and immunophenotyped as described above. As previously, data were analyzed on FlowJo™ software (version 7.5.5.).

Annexin V-binding assay on CD3^+^ T cells cultured on 30 Gy-irradiated infant foreskin fibroblasts {#s0004-0010}
--------------------------------------------------------------------------------------------------

To confirm the induction of apoptosis on CD3^+^ T cells cultured on 30 Gy-irradiated infant FFs in presence of PHA-L, the binding of Annexin V to externalized PS on the outer cellular surface was assessed.

At first, cryopreserved γ-irradiated FFs were thawed and seeded in 96-well plates (Costar) in triplicate at a concentration of 10,000 cells/well, then incubated with or without 100 µg/mL TNFα for 48 h. After washing, 1-day cultured T cells were added to each well with or without γ-FFs treated or not with TNFα. After 3 h of incubation, 0.25 µg/mL of PHA-L was added to each well. Plates were further incubated at 37°C in a 5% CO~2~ incubator for 17 h. T cells were harvested from each well and immunophenotyped on ice with PerCP-Cy5.5-conjugated anti-CD4 mAb and APC-conjugated anti-CD8 mAb on ice for 20 min. Then, T cells were washed, once in PBS (1X) and once, in the Annexin V binding buffer (10 mM Hepes, 140 mM NaCl, 2.5 mM CaCl~2~, pH 7.4). Subsequently, cells were resuspended and incubated in Annexin V binding buffer with Annexin V-PE (1:25) at RT for 15 min. 50 µL of T cells were harvested in 250 µL of Annexin V binding buffer containing 0.6 µg of DAPI and, further analyzed by flow cytometry. Total T cell events were acquired by Cyan™ ADP (Beckman Coulter). Data were analyzed on FlowJo™ software. Viable cells were identified as DAPI^−^T cells, and cells in early stage of apoptosis as DAPI-/Annexin V^+^ T cells.

In blocking experiments, cryopreserved γ-FFs were thawed and, then were seeded in 96-well plates (Costar) in triplicate at a concentration of 5,000 and 10,000 cells/well. Four hours prior the addition of 1 day-cultured T cells (200,000 T cells), γ-FFs were incubated either with a mixed PD-L1 mAb (clone 29E23A3)/PD-L2 mAb (clone 24F10C12) solution or with a mixed mouse IgG~2a~/IgG~2b~ solution at the concentration of 50 µg/mL at 37°C in a 5% CO~2~ incubator. As described above, after 3 h of co-incubation γ-FFs:T cells, 0.25 µg/mL of PHA-L was added to each well. Plates were further incubated at 37°C in a 5% CO2 incubator for 17 h. T cells were harvested from each well and immunophenotyped as previously. Viable T cells and early apoptotic T cells were distinguished by analysis on FlowJo™ software. Because of spontaneous apoptosis of PHA-stimulated T cells, the data are expressed as the differences between the percentage of early apoptotic T cells cultured in presence of γ-FFs and the percentage of early apoptotic T cells kept alone.

Statistical analysis {#s0004-0011}
--------------------

Statistical analysis was performed with the GraphPad Prism version 6.0 (GraphPad software). Significance was estimated by nonparametric Wilcoxon--Mann Whitney test. Differences were considered significant at *p* \< 0 .05.

Supplementary Material
======================

###### KONI_S\_1091146.pdf

Disclosure of potential conflicts of interest {#s0005}
=============================================

No potential conflicts of interest were disclosed.

Acknowledgments
===============

We thank the Cytometry platform (Center de Recherche en Cancérologie de Lyon, Lyon, France), the « Etablissement Francais du Sang », EFS (Gerland-Lyon, France), and the "Banque de Tissus et Cellules de l\'Hôpital Edouard Herriot," (Hospices Civils de Lyon, Lyon, France). C.D-D. designed and performed research, analyzed data and wrote the paper; I. D., A. M., V. S., L. A., A. D. and C.R. performed research; A-P. M. contributed to vital reagents; N. B-V., J. G-V., D.O., and D.C. contributed to discussion of the results and comments on the manuscript. C.C. supervised the study, contributed to experimental design and writing of the paper.

Funding
=======

This work was financially supported by the INCa 2010 SIRIC (France), INCa PLBio 2011--155, INCa PLBio 2011--1-PL BIO-12-IC-1 (France), ARC Bendriss-Vermare, convention no. 4832, Fondation pour la Recherche Medicale (FRM, France), Ligue contre le Cancer (Comité de la Drôme, France); the LYRIC (LYon Recherche Intégrée en Cancérologie) and the LabEx (LABoratoire d\'EXcellence) DEVweCAN « Cancer, Développement, thérapies ciblées » (Lyon, France).

[^1]: Supplemental data for this article can be accessed on the [publisher\'s website](http://dx.doi.org/10.1080/2162402X.2015.1091146).
